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Abstract 

Nonlinear conduction in the quasi-one dimensional conductor o-TaSs has 
been studied in the low-temperature region down to 30 mK. It was found 
that at temperatures below a few Kelvins the current-voltage (I-V) charac- 
teristics consist of several branches. The temperature evolution of the I-V 
curve proceeds through sequential freezing-out of the branches. The origin of 
each branch is attributed to a particular strong pinning impurity type. Sim- 
ilar behavior is expected for other physical systems with collective transport 
(spin-density waves, Wigner crystals, vortex lattices in type-II superconduc- 
tors etc.) in the presence of strong pinning centers. 
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Collective transport may be observed in many physical systems such as vortex lattices 
in type II superconductors, electronic crystals like Wigner crystals and charge- and spin- 
density waves (CDW and SDW) in low- dimensional conductors, and others, as a response 
to an external force coupled with the respective order parameter The motion rate is 

slow down by interaction with pinning centers (impurities and imperfections) and depends 
also on energy dissipation, fluctuations, and other factors. In general, two limiting types of 
motion can be considered. In the limit of a large driving force the motion rate is controlled 
mostly by dissipation and fluctuations can be neglected. This regime corresponds to sliding 
of the spin- or charge- density waves and Wigner crystals, or to the flux-flow regime for vortex 
motion in type-II superconductors. In the limit of a small driving force the pinning barriers 
for motion are large. Motion occurs owing to rare activated overcoming of, or quantum 
tunneling through, pinning barriers. As a result, dissipation does not dominate any more, 
and fluctuations become the main factor determining the motion rate. This fluctuation- 
dominating regime of motion is known as the creep regime. 

A quasi-one-dimensional conductor with a CDW, like TaSs, K0.3M0O3 etc. can be 
considered as a model system which reveals the general properties of collective transport. At 
relatively high temperatures application of an electric field, E, above the threshold one, Et, 
leads to the nonlinear conduction associated with sliding of the CDW. The general properties 
of the sliding regime are known in detail and are well understood in the framework of models 
considering the CDW as an elastic medium pinned by impurities At E < Et the CDW 
is pinned , and the conduction is due to normal carriers (electrons and holes) excited 
over the Peierls gap 2A and providing the activated temperature dependence of the linear 
conductivity cr|| _|_ oc exp(— A/T), for both longitudinal, a\\, and transverse, cr_L, components 
of the conductivity tensor. 

The low-temperature linear conduction indicates a contribution of a new conduction 
mechanism which increases cry, but has no effect on a^. In the particular case of orthorhom- 
bic TaSa this contribution starts around T = 60 — 80 K that is about one third of the 
Peierls transition temperature. The picture of the low-temperature nonlinear conduction 
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is more complex than at high temperatures and includes an additional weak nonlinearity 
which develops below Ej- grows by two-three orders of magnitude with lowering 

temperature down to T = 4.2 K, where it reaches the value of 10^ — 10^ V/cm |^. Lowering 
temperature makes nonlinearity a.t E < Et more and more pronounced and leads finally to 
strongly nonlinear I-V curves I oc {E — Et)°, with the exponent a = 15 at T = 4.2 K [Q. 
Alternatively, the I-V curves can also be fitted by the exponential law / oc exp — (Vq/V^)^ , 
with /5 ~ 1 — 2 IP . The activation energies and other details of the low-temperature behavior 
have a large scatter and vary from sample to sample taken even from the same batch H. 
Many features of the low-temperature transport properties of quasi-one dimensional con- 
ductors like the absence of scaling of nonlinear conduction with the linear one, electric-field 
dependent activation energy, the exponential shape of I-V curves, temperature-dependent 
dielectric constant etc. have their natural explanation in terms of CDW creep ||6|-[T0|. 

In this Letter we present data on the low-temperature nonlinear conduction of TaSa 
studied in the temperature range extended down to 30 mK. It has been found that at 
sufficiently low temperatures the I-V curves consist of several branches. The results are 
described in terms of creep of the CDW pinned by strong-pinning centers. 

We studied the low-temperature nonlinear conduction of four TaSa single crystals with 
different impurity contents in the temperature region down to 30 mK. Two crystals (referred 
hereafter as pure crystals) have the threshold field Ejp for the onset of the nonlinear con- 
duction below 1 V/cm at 100 K, and four others (impure crystals) have Et above 10 V/cm. 
In addition, two other impure crystals where measured at T > 1.5 K. 

The current- volt age characteristics were measured by the two-contact technique which is 
the only reliable technique for the low-temperature region, where the linear sample resistance 
exceeds 10^^ Ohms. To reduce a possible contribution of contacts we studied relatively long 
samples with typical lengths around 5 mm. The cross-sectional area of the studied crystals 
was 10^ — 10^ yum^. Ohmic contacts were prepared by either vacuum deposition of indium, 
or cold soldering by indium. The shape of the I-V curves was found to be independent of 
the contact preparation technique. 



The measurements were done using a DC voltage-control technique, and a Keithley 617 
electrometer for current measurements. The data were collected from the largest to smallest 
voltage values. The delay between applying/changing the voltage and taking a current 
reading was around 1 s at relatively high currents / > 10"^'' A, and reached 30 s for currents 
below 10^^^ A. From our experience such a duration was enough for the polarization current 
to fall below the noise level of our setup (10^^'^ — 10^^^ A). With such a delay the shape of 
the measured I-V curves was reproducible and independent of the direction of the voltage 
sweep. 

The experiments below 1 K were done in a '^He-'^He dilution refrigerator designed es- 
pecially for the low-noise electrical measurements. The samples were immersed directly in 
the superfluid helium of the mixing chamber. Electrical connection between the millikelvin 
region and the data acquisition system was provided by coaxial cables. Special attention 
was paid to control the Joule heating effect. The power dissipation in the samples did 
not exceed 10~^^ W at 100 mK and 10~^ W at 1 K. The estimate of the respective Joule 
heating, based on the Kapitza resistance of the Cu-He boundary R = 24 m^K/W and 
R = 2.4 X 10~^ m^K/W for 100 mK and 1 K respectively |TT[] and the energy dissipations 
quoted above, is AT/T ~ 10^^ 

Figure shows a set of I-V curves taken in the temperature range 20 K - 30 mK for 
an impure TaSs sample. At temperatures above 10 K they have the usual shape reported 
earlier and consist of linear and nonlinear regions. The nonlinear part can be roughly 
approximated by the power law / oc V"' with a growing with lowering temperature. Figure]^ 
shows the logarithmic derivative of the I-V curves, a = dlnl /dlnV , of the same sample as 
in Fig. ||. The linear part corresponds to a = 1. 

At temperatures below 10 K the current of the linear part is below the resolution of the 
measurements, and only the nonlinear part of I-V curve can be observed. A new feature of 
the nonlinear conduction is seen at temperatures around 10 K, where a wave-like structure is 
apparent on the I-V curves (Fig. The existence of this structure is even more evident from 
Fig. 1^. Up to three dips and cusps can be distinguished in a(y) at T < 10 K. This structure 
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can be attributed to transitions between different branches of the I-V curve; the detailed 
interpretation of the branches will be given in the discussion. Lowering temperature shghtly 
shifts the structure to smaller voltages, whereas the respective currents quickly freeze out. 
The current of the low- voltage branches freezes out faster than that of the high- voltage ones. 
In other words, the temperature evolution of the I-V curves proceeds through sequential 
freezing-out of the branches. 

The fine structure of the I-V curves reported above has been observed for all impure 
samples of TaSs. The current-voltage characteristics of pure crystals did not provide such 
unambiguous evidence for the fine structure, though a weak two-branch structure may be 
distinguished at temperatures around 10 K. No correlation between the sample sizes and the 
shape of the I-V curves was found. Such a dependence on impurity content and independence 
of the geometry proves that the fine structure results from doping rather than from possible 
spatial nonuniformity of the current flow in the highly anisotropic material studied. Our 
analysis of published results has shown that similar behavior is also present in other CDW 
conductors, but was overlooked by previous researchers. For example, similar wavy I-V 
curves can be found in published I-V curves of m-TaSs (see Fig. 3 of Ref. at T < 31.5 
K), though were not mentioned in the respective discussion. We conclude therefore that 
the fine structure of the low-temperature I-V curves described above is intrinsic for CDW 
conductors. 

The behavior reported above can be understood in terms of CDW creep. In the absence 
of strong-pinning centers the creeping of the CDW occurs in accordance with the general 
scenario leading to I-V curves obeying the equation 



J = Jo exp 



(1) 



where (3 ~ 0.5 for 3-dimensional pinning 0. Here j is the current density, and jo, T* and 
Eq will be considered below as phenomenological parameters. 

Our further discussion will be based on the suggestion that samples of TaSs contain 



impurities with pinning energies high enough to provide a strong-pinning contribution [|12 
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The presence of strong-pinning centers is consistent with the general properties of the CDW 



conductors |T3[ and agrees with the weak-pinning effects observed at T > 100 K [Q. In the 
low-temperature region the strong-pinning centers may be responsible for the temperature- 
dependent maximum of the dielectric constant RH], for the fast mode of dielectric relaxation 



of the CDW [0, and for thermodynamic anomalies of CDW conductors |T^ 

Let us initially assume for simplicity that a sample contains only strong-pinning impuri- 
ties of only one sort with pinning energy Wi (see inset in Fig. ^ and concentration rii. For 
the CDW at rest {E = 0) the CDW phases ip at the impurity positions are suggested to be 
distributed uniformly in the interval — vr < ip < it [|1^. In the case of unidirectional creep of 



the CDW, e.g. with positive d(p/dt, the phases tend to climb up the upward branch of the 
pinning potential (see inset in Fig. At zero temperature and in the absence of quantum 
tunneling the phases reach the upper point of the pinning potential at ip = tt + Aip^i^^ and 
then jump to the downward branch. At a finite temperature thermal fluctuations allow the 
barrier to be overcome before reaching the upper point. Then the upward part becomes 
partially empty, whereas the respective downward branch of W{(f) is partially populated. 
So the center of the distribution is shifted to the right by A(f < Ay^max which gives the mean 
restoring force per one impurity / = fiAip/rr, where ~ {27i/ \)dW/dip |^=^ (see inset in 
Fig. i. 

Let us introduce the mean time t27r = ^Pe^/j (epe is the CDW charge density) corre- 
sponding to a shift of the CDW by its period. A, and the mean time required for activation 
over the barrier, = tQexp[Wi{E)/T], where tg^ is the respective attempt frequency. 
Then for ^ the barrier Wi is ineffective for pinning, so / = and the CDW creeps in 
accordance with the general weak-pinning scenario . A similar effect of inefficiency of the 
strong-pinning component is known from mesoscopic fluctuations of Et in small samples of 



TaSg 0. 

On the time scale t2n "C (i-e. at j ^ jvy. = epeX/twi) [0] the barriers smaller than 
T\n(t2n/to) can be overcome, and impurities climb up to Aip = (1 — Tln(^27r/i^:o)/W^^)^V'max■ 
So at j ^ each impurity provides an additional force (1 — T\'n{t2TT/to)/Wi)Ei, where 
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Fi = /iA</)inax/7r. The electric field required for the same creep rate is then higher than 
in the weak-pinning regime by the value Eg = (riiFi/epe) [1 — Tln(joj/j + l)/^^*], where 
joi = epeX/to, and ln(joi/j) is replaced by ln(joj/j + 1) to include the case j > joi • Thus 
the resulting I-V curve consists of two branches, the weak-pinning branch obeying Eq. 
and the similar one shifted by Eg. The growth of E leads to a gradual transition from the 
weak-pinning branch to the strong-pinning one. If impurities provide a variety of pinning 
energies Wi, then at sufficiently low temperature the I-V curve consists of several branches 
as shown schematically in Fig. ^ and obeys the equation 



^ = ^0 h^^ In - +2^ max 



0, 1 _ ^ In f ^ + l' 



(2) 



T* j J Y ep, 

Equation (0) gives the extension of Eq. (|l]) into the strong-pinning area. The strong-pinning 
effect is therefore equivalent to the appearance of a series resistance that depresses the 
nonlinear conduction [jl^ with respect to its background value provided by Eq. and is 
ineffective at very low creep rate only. Note that tunneling through small pinning barriers 
Wi provides an additional channel for nonlinear conduction and may contribute to the low- 
temperature leveling out of log(/) vs. 1/T dependencies well known for TaSa below 20 K 
(see e.g. Refs. [|,§). 

The I-V curves of pure TaSa crystals at temperatures below 1 K can be fitted by Eq. 
with /3 = 1.5 — 2, close to j3 = 2 reported for thin crystals in the quantum creep regime 
0. The general tendency of such a fit is larger /3 for purer crystals and lower temperatures. 
Thus the experimental value (3 > lis significantly higher than (3 = 0.5 expected for activated 
creep in the weak-pinning regime [0. This discrepancy may be attributed to quantum 
phase slip in the bulk of a crystal [p!^-pO||, as well as to the strong-pinning effect described 



above. Note that the presence of strong-pinning centers could either increase the exponent 
P corresponding to the best fit of I-V curves, or decrease it (see Fig. H). 

In accordance with the model described above, the low-temperature transport properties 
of quasi-one dimensional conductors depend not only on the impurity concentration, but also 
on the particular impurity type. So a large variety of characteristic energies and their lack 



of reproducibility noticed by a number of researchers for the low-temperature region (see 
e.g. Refs. [|1],0) may be due to predominance of different impurities in the different samples 
studied. 

Summarizing, we observed fine structure in the current-voltage characteristics of TaSs 
in the CDW creep region. According to our model, this structure results from the existence 
of strong-pinning centers with different pinning energies. We believe that similar structure 
can be observed in many other physical systems where strong pinning centers are present. 
In particular, spin-density waves, vortex lattices in superconductors and Wigner crystals are 
the most probable candidates for observation of similar phenomena. 
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grateful to CRTBT-CNRS for kind hospitality during experimental research. This work 
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FIGURES 

FIG. 1. Current- voltage characteristics of an impure TaSs single crystal in the temperature 
range 20 K - 30 mK. 

FIG. 2. The logarithmic derivative a = din I / d\nV vs. voltage of the same sample as in Fig. 1. 
Broken lines mark the positions of maxima of a. 

FIG. 3. I-V curve expected in the presence of strong-pinning impurities with two different 
pinning energies (solid line). Dotted line corresponds to the I-V curve fit by Eq. (1) with /3 = 1/2. 
Short dash line shows the best fit of £^ = l/ln(j) + 0.05 with j oc exp[— (£'o/-E)^]. Inset shows the 
pinning energy of a strong-pinning impurity vs. the CDW phase (p. The thick line shows the phase 
trajectory of the strong-pinning impurity in the case of stationary CDW motion with dtp/dt > 
at T > 0. 
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